Abstract -Introduction. Longkong fruit has a high economic value in South-East Asia, especially in Thailand. It has unique nutritional and organoleptic characteristics that contribute to fruit exports to numerous countries. Research issues. However, severe pericarp browning, fruit drop, moisture loss, off-flavor and chilling injury are the predominant problems in harvested longkong fruit during handling and storage. Temperature (low and high) and environmental conditions are the key factors that cause the majority of quality losses in longkong fruit, followed by postharvest decay. The postharvest handling of longkong fruit aims to prolong its quality and value, but it is not yet adequately developed and, as a result, several processing issues are still common. Investigated research areas. Optimal storage conditions, modified atmosphere packaging, chemical dipping and fumigation technology are widely applied to control longkong fruit postharvest losses. Although there have been numerous studies carried out on longkong fruit in the last decade, they were carried out in various countries and several languages. The present review attempts to summarise some of the most significant findings that involve fruit ripening and postharvest storage; in particular, the different treatments developed to extend the shelf life of longkong fruit.
Introduction
Longkong fruit (Aglaia dookkoo Griff.) is one of the most economically important fruits in Thailand. It is grown commercially in many other countries including Malaysia, Borneo, Vietnam, Cambodia, Myanmar, the Philippines, India, Sri edible fruit species among the varieties of species in its family. Longkong fruit has a variety of names that include langsat, lanzones loong boong, kokosan duku, and duku trengganu and duku jahore [3] . Longkong fruit has many functional properties, among which the antioxidant, anti-ageing, medicinal and antimicrobial properties are the most important [4] . Rapid pericarp browning, softening and loss of freshness during transportation and in retail stores are the major problems in longkong. There has been research carried out on the postharvest quality changes in longkong fruits, but many problems still need to be rectified [5] [6] [7] . However, the available research on longkong fruit is sparse due to lack of significant information. There are several new types of research published on the extension of the postharvest life of longkong fruits, but they are in different languages [8] . The prolongation of the shelf life of longkong has not yet been accomplished due to its high susceptibility to decay and chilling injury under low temperature and higher relative humidity (RH) storage [9, 10] . Moreover, until now, there has been no review published on the physiological changes in longkong fruit during its maturation and postharvest storage. Therefore, the present study attempts to explore and analyse the postharvest physiology and handling of longkong fruit including numerous aspects such as changes in maturation, postharvest disorders and several postharvest technologies that are used to extend the storage life of this fruit.
Physiological and biochemical changes during ripening

Physiological changes
Longkong fruit (Aglaia dookkoo Griff.) is parthenocarpic and apomictic in nature. Longkong fruits are produced in bunches (25−30 fruits per bunch). The shape of longkong is globular, with a thick and leathery pericarp [11] . The pericarp color varies from dark green to bright yellow upon maturity. The matured longkong pericarp has three layers including the epicarp (outer), mesocarp (middle) and endocarp (inner). The edible portion of longkong fruit is fleshy and juicy, with five fragments of uneven white translucent adhering aril [12, 13] (figure 1). Longkong fruit pulp has a pleasant aroma with a sweet and slightly sour taste. The fruit has comparatively medium-sized green seeds (one to five) at maturity. The seeds are an oval shape, fertile, they germinate, and they are extremely bitter. The longkong fruit pericarp can be easily removed from the raceme end with slight applied pressure [14] . Longkong fruit has a sigmoidal growth curve from anthesis to fruit maturity. Longkong fruit grows well in the ranges of 20−30
• C and 70−80% RH conditions. The fruit growth is slightly slow for the first four weeks after anthesis and afterwards, it grows rapidly up to thirteen weeks and at this stage, the fruit growth is stabilized [15] . Longkong fruit pulp is an opaque white at the 7 th week after anthesis, and it turns translucent white during the 14 th week. Longkong fruit's width, height, thickness and weight steadily increase until the 13 th week of development and after that, they are stable and almost no significant differences are observed in growth. At this stage, the fruit pulp comprises 74% of the total fruit weight, followed by the skin (24%). The longkong fruit rind thickness is decreased, and the fruit shape changes slightly from global to spherical upon maturity [11] . Pericarp splitting is one of the main drawbacks during longkong fruit ripening. The splitting occurs due to immediate changes in the internal pressure of fruit by vast changes in the water level, temperature and humidity while ripening [16] . The rapid expansion of longkong fruit pulp beyond the resistance boundary of the pericarp could cause the pericarp splitting: it might be due to the rapid absorption of water by the roots. Splitting is highly possible when fruit reaches the maximum level of maturity (>85%). Pericarp splitting in longkong starts at the bottom end, and then it spreads longitudinally to the stem end. Pericarp splitting exposes the longkong fruit pulp to the environment, and thus can lead to insect and fungal attacks on the fruit. It can spoil the fruit pulp and cause it to become unpalatable for human consumption [17] .
Longkong is a tropical and seasonal fruit, which will not continue to ripen once picked from the tree [1, 15] . Premature harvesting of longkong fruit can result in poor quality. Overmature longkong fruit can easily abscise from the bunches and has a short shelf life [18, 19] . The season of longkong fruit production varies with the area. However, the greatest production of longkong in Thailand can be found between April and October every year. The changes in skin color from dark green to bright yellow are the key maturity index of longkong fruit [20] . Normally, fully matured longkong fruit pulp turns translucent white, and the astringency of the fruit tends to decrease and the sugar levels tend to increase by up to six times [21] . The maximum harvesting period of longkong is between 13 and 16 weeks after anthesis. The content of total soluble solids (TSS) is also used as a maturity indicator in longkong fruit; the recommended TSS in longkong fruit pulp during harvesting is between 15.0−17.0
• Brix [13, 22] . The edible portion of longkong aril segments is arranged around a longitudinal axis with the presence of solid green seeds ( figure 1 ). Very few studies have been reported on longkong fruit firmness during ripening. Most consumers estimate the longkong's firmness by applying a progressive compression force on the fruit with the fingers. The penetration test mostly evaluates longkong fruit firmness. The loss of firmness in longkong fruit during maturation is one of the most important factors that determines its commercial quality. Sangkasanya et al. [22] reported that longkong fruit during the medium-to the fully-ripened stage has decreasing firmness (from 1,928.3 to 1,658.8 g). Sapii et al. [12] observed a decreased in firmness from the various stages of longkong fruit ripening until senescence. Venkatachalam [17] reported that longkong fruit during maturation had increasing activities of the pectin methylesterase and polygalacturonase and this could be the reason for decreasing fruit firmness during ripening.
Biochemical changes
Longkong fruit is a non-climacteric fruit and during maturation it has a slightly increased respiration rate, and at a fully matured stage, the respiration rate undergoes a gradual decrease [23, 24] . Smaller-sized longkong has a higher respiration rate than larger-sized longkong [25] . Longkong fruit has a higher respiration rate (224 mg CO 2 kg −1 h −1 ) after harvest, and then it tends to decrease (206 mg CO 2 kg −1 h −1 ) during the senescence process [8] . Additionally, longkong fruit produces a low level of ethylene in comparison with climacteric fruits. Paull et al. [1] reported longkong fruit contained a minute level of inner ethylene concentration (2 to 6 μL kg −1 h −1 ) during maturation. Lichanporn et al. [26] reported that the ethylene content of longkong fruit steadily increased (0−1.2 μL kg −1 h −1 ) during postharvest storage. However, the concentration of ethylene is different in the various regions of longkong production. Longkong is a digestive and nutritious fruit with an exceptional combination of sugar and acids [27] . Longkong fruit contents such as total soluble solids (15.0−19.0
• Brix), total sugars (13.0−14.5%) and reducing sugars (2.78−5.00%) increase, whereas titratable acidity tends to decrease during fruit ripening [13, 28, 29] . The primary sugars present in longkong are fructose, glucose and sucrose [30] . A gradual increase in pH (3.99−4.51) was observed in longkong fruit during four weeks (13 to 16 weeks) of on-tree maturation [13] . Sangkasanya et al. [22] reported that fully matured longkong fruit had a decrease in total acidity (0.61%) as compared with immature fruit (0.95%). Chairgulprasert et al. [31] reported that maleic acid, citric acid, malic acid and glycolic acid were the predominant organic acids observed in longkong fruit pulp. The decrease in astringency in longkong while ripening could be due to the [13] metabolic process [13] . On the other hand, longkong fruit contains remarkable amounts of carbohydrate, minerals and vitamins [32] 
(table I).
Color is the most obvious change in longkong fruit during maturation and storage [28] . During the maturation of the longkong fruit, its pericarp color changes from dark green to bright yellow, followed by changing to dark brown during postharvest storage [33] . The color changes in the longkong [22] pericarp are due to degradation of chlorophyll and progression of yellow tetraterpenoids during maturation [12, 23] . However, the increase in brown color during storage could be the effect of oxidoreductase enzymes [13] . An increase in redness and a decrease in lightness and yellowness was found in longkong fruit during maturation and storage [34] . Longkong has a pale white translucent pulp that covers the dark green seed. Normally, non-climacteric fruits are less flavorful than climacteric fruits. On the contrary, one of the unique properties of longkong fruit is its flavor, which contributes to its value for export (table II) . Longkong volatile flavor compounds are directly influenced by its maturation [22] . The volatile compounds in longkong are developed in three maturation stages: low maturity (terpenes), medium maturity (C6-alcohol) and fully matured (terpenes, ketones and phenols) [35] . Meenune et al. [32] reported that the most prominent groups of volatile compounds in longkong are sesquiterpenes (36.23%), esters (31.88%), hydrocarbons (4.34%), alcohols (3.89%), aldehydes (2.98%), ketones (1.44%) and furans (1.44%). Chairgulprasert et al. [31] reported that longkong fruit sour flavor is due to maleic acid. Very few studies have been reported on longkong fruit enzymes during maturation and storage (table III). The longkong pericarp and pulp had an increase in synthase and oxidase enzyme activities during maturation and storage [13, 36] . Especially, the fruit pericarp contains the highest levels of phenylalanine ammonia lyase (PAL), polyphenol oxidase (PPO) and peroxidase (POD) activity and as a result, the fruit pericarp is a rich source of polyphenols and also involved in the incidence of enzymatic browning [34, 37] . Increased activities of pectin methylesterase (PME) and polygalacturonase (PG) were observed in fully matured longkong fruit. The antioxidant enzyme activities such as superoxide dismutase (SOD), glutathione peroxidase (GPX) and catalase (CAT) activities also increased during longkong fruit maturation [17] . Fresh fruits are essential sources of bioactive compounds such as anthocyanins, vitamins, flavonoids and phenolics. Bioactive compounds exhibit potent antioxidant activity, and act against harmful diseases that are generated by the presence of free radicals [38] . Longkong fruit has been reported to be a rich source of bioactive compounds, especially polyphenolics, flavonoids and vitamins [4, 39, 40] . A fully matured longkong fruit provides a higher level of phenolics than an immature fruit. The content of phenolic compounds in longkong fruit increases with fruit maturity [17] . Also, matured longkong fruit pulp contains a large variety of vitamins such as thiamine, niacin, and vitamins A, B1, B2 and C. Vitamin C is predominant as compared with the other vitamins in longkong fruit. The different parts of longkong fruit exhibit severe inhibitory effects against several harmful diseases (table IV). Phenolics are the predominant bioactive compounds in longkong fruit. The longkong pericarp and seeds contain more phenolics than the pulp. Also, the longkong pericarp contains a minute percentage of volatile oil, reducing acids and brown acids. The pericarp also contains secoonocerane triterpenoid glycosides, especially lansiosides (A, B and C) and onoceranoid triterpenoids [41] . Longkong seeds have sufficient levels of tetranorterpenoids, domesticulide, cerandiendione triterpenoids, germacrene D, limonoids and kokasanolide. The extreme bitterness of longkong seeds is primarily attributed to dukolides (A, B and C) and limonoids [41, 42] .
Postharvest disorders and treatments
Fruit drop
Fruit drop from clusters is one of the most significant physiological and postharvest disorders in longkong fruit. The maximum fruit drop in longkong fruit takes place when fruit reaches the maturity level of more than 80% or in the over-mature stage. Fruit must be harvested and shipped when ripeness is around 70−80% to avoid fruit drop [1] . Longkong fruit can detach easily from clusters after 3 to 4 days of harvest, and that is mainly due to the ethylene production [3] . Also, handling such as cleaning, sorting, dipping and packing can also cause longkong fruit drop. Longkong is a non-climacteric fruit, and thus the production of ethylene is not as high as in climacteric fruits [44] . However, the minimum level of ethylene (0.5 ppm) is sufficient to cause fruit drop from the clusters and it occurs either between the peduncle and calyx or between the calyx and fruit [6] . Pradisthakarn [45] reported that preharvested longkong fruit treated with plant hormones, primarily auxin, could reduce fruit drop by up to 30−35%. Longkong bunches dipped in gibberellic acid at 500 ppm for 5 min, packed in paper cartons and stored at 13
• C, 90−95% RH, could more effectively reduce fruit drop than fruit stored in foam boxes and foam trays [46] . Taesakul et al. [6] observed that 1-methylcyclopropene treatment (1 μL L −1 ) adequately controlled longkong fruit drop and reduced the ethylene production as compared with 1-naphthaleneacetic acid (200 μL L −1 ). Rattanapong et al. [47] reported that dipping longkong fruits in clusters in calcium chloride (3−5%) could reduce fruit drop.
Browning
Longkong fruit is highly susceptible to enzymatic browning that is catalyzed by oxidoreductase enzymes such as PPO and POD [17] . Pericarp browning is one of the most significant problems in marketing and export of longkong fruit. Pericarp browning leads to the loss of economic value of longkong fruit, although it does not affect its flavor and nutritional contents [48] . Abrasion, impact injury, environmental stress and temperature fluctuations are the critical factors in generating pericarp browning in longkong fruit [34] . Additionally, the higher level of phenolic contents in longkong fruit is also a reason for pericarp browning. Longkong phenolic contents are synthesised through the phenylpropanoid pathway by the precursor enzyme PAL [37] . Longkong fruit pericarp PPO, POD and PAL enzyme activities increase during on-tree maturation, and thus induce the pericarp redness while ripening. The longkong pericarp (exocarp) contains plenty of trichomes, and it is the potent stimulator of PPO and POD activities during environmental stress conditions [13] . Storing longkong fruit at low and high temperatures causes severe pericarp browning and decreases its shelf life [49] . Storing longkong fruit at 18
• C and 85 to 90% RH could control the rapid browning, extending the shelf life for several weeks [50, 51] . Kaewsuksaeng et al. [52] reported that irradiating the longkong pericarp with ultraviolet C (UV-C) at 5.4 kJ m −2 noticeably controlled the browning during storage at 25
• C. Venkatachalam and Meenune [37] observed that storing longkong in modified atmosphere packaging (MAP) at 25
• C could control the activities of PPO, POD and PAL in the pericarp. Lichanporn and Techavuthiporn [36] found that treating longkong fruit with 90% nitrous oxide delays the pericarp browning, and its related enzyme activities. Longkong treated with different concentrations of antibrowning agents such as citric acid (2, 4 and 6%) and ascorbic acid (0.5 and 1.0%) and stored at 20
• C (90−95% RH) had good control of pericarp browning as compared with a lower concentration of antibrowning agents [53] .
Fruit quality loss
Postharvest quality losses of longkong fruit are influenced by various factors such as preharvest and postharvest conditions (transportation, processing, packaging and different storage conditions (temperature and RH)) [30, 45, 50] .
Longkong fruit is a rich source of nutrition and it is metabolically very active and sensitive during postharvest storage, thus leading to quality and nutritional losses [23] . Water is the predominant constituent (table I) in longkong fruit and storing it at an ambient temperature can rapidly increase the moisture loss [24] . Panhor et al. [54] reported that longkong fruit stored in MAP at 15
• C could last for 24 days with no more than 1% moisture loss. The sugar and organic acid contents in longkong fruit steadily decrease as the fruit storage life increases [55] . Venkatachalam [17] reported that storing longkong fruit in an oxygen transmission package at 18
• C maintained high contents of sugars and organic acids and extended the shelf life for up to 24 days. Vitamin changes in longkong fruit during storage are rarely reported. The longkong fruit ascorbic acid content increased with time during storage at a low (13
• C) and high temperature (25 • C) and at high RH (80−90%) [26, 56] . Storage conditions such as the temperature and packaging environment are the key factors influencing the acidity level of postharvest longkong fruits. Longkong fruits stored in modified atmosphere packaging (MAP) and controlled atmosphere packaging (CAP) and at a high storage temperature had an increased acidity level with increased storage time. Antioxidant activity in longkong fruit is mainly contributed by the polyphenolic content [39, 57] . The polyphenolic content in longkong pulp was found to be at a higher level in an oxygen transmission package that was stored at a high temperature (25 • C, 85% RH) as compared with that stored at a low temperature (18 • C, 85% RH) [51] . The prolonged storage of longkong fruit in MAP and at an ambient temperature led to a decline in the polyphenolic content in the fruit pulp [58] . Generally, a significant change can be noted in the firmness of postharvest longkong fruit during extended storage at an ambient temperature. The combination of chemical treatments and lowtemperature storage are very effective for decreasing the loss of fruit firmness during extended storage. Longkong fruit treated with methyl jasmonate (MeJA) during low-temperature storage had decreased activities of PG and PME [49] . Sangkasanya and Meenune [59] reported that storing longkong fruit in MAP (10% CO 2 and 5% O 2 ) at 18
• C could control the loss of fruit firmness. However, it induced ethanol accumulation in the package headspace and off-flavor formation in fruits during extended storage. Sirichote et al. [55] reported that the combination of ethylene absorbers (3 sachets per tray), packaging (PVC film) and room temperature (18 • C) storage did not differ from control conditions regarding longkong fruit firmness losses.
Chilling injury
Longkong fruit is highly vulnerable to very high-and lowtemperature storage as it comes from a tropical region. Although longkong fruit is more tolerant than many other tropical fruits, chilling injury occurs when it is stored at a low temperature [14, 17] . However, until now there has been no agreement on the longkong chilling injury temperatures, which could be due to the fact that it is cultivated in different geographical regions. Several reports stated that longkong fruit stored between 10 and 15
• C had chilling injury symptoms such as fruit drop, weight loss, pitting and brown scalding of the skin with a water-soaked appearance [1, 44, 56] . On the other hand, Techavuthiporn and Kaewsuksaeng [14] reported that longkong fruit stored at 4
• C had chilling injury-induced pericarp browning. Venkatachalam and Meenune [9] reported that longkong fruit stored at 13
• C and 85% RH for 16 days showed severe chilling-induced pericarp browning. Normally, longkong fruit chilling injury symptoms appear after fruit are kept at ambient temperature for more than three hours. A few studies were conducted to limit the severity of chilling injury in longkong fruit by using phytohormones such as MeJA. Meenune et al. [56] reported that treating longkong fruit with 20 μmol L −1 methyl jasmonate (MeJA) increased the proline content in the pericarp, which could control pericarp browning and fruit drop from clusters. Venkatachalam and Meenune [49] found that treating longkong fruit with MeJA (30 μmol L −1 ) and storing it at 13
• C decreased chilling-induced pericarp ion leakage and fruit firmness loss. Additionally, MeJA could also decrease the increased enzyme activities such as pericarp PPO, PAL and POD, and fruit PG, PME and LOX.
Fruit decay
Longkong fruit is highly susceptible to decay as it is majorly affected by fungal and bacterial infections during postharvest storage. Sooty mould (Meliola spp.) and fruit rot (Cylindrocladium spp.) are the most common types of decay in longkong [60] . In addition, decaying organisms increased the rate of fruit drop, loss of firmness and pericarp browning in longkong [14] . Kaewsorn [61] reported that longkong fruit decay is mostly induced by Phornopsis sp., Lasiodiplodica theobromae, Fusariurn sp., Pestalotiopsis sp., Collectotrichum gloeosporioides, Nigrosprora sp., Curvularia sp., Absidia sp., Gliocladium sp. and Aspergillus sp. Seearunruangchai et al. [62] isolated the acetic acid bacteria in longkong fruit. It could induce off-flavor formation in longkong during prolonged storage at ambient temperature. Farungsang et al. [75] found that an increase in longkong fruit drop was influenced by Cladosporium, Colletotrichum, Fusarium, Lasiodiplodia and Penicillium Numerous studies were carried out to control decay in longkong fruit. Kaewsorn [61] found that treatment of longkong fruit with biofungicides (Bacillus subtilis and Trichoderma harzianurn at 10 6 , 10 8 and 10 9 cfu mL −1 ) could inhibit the mycelium and spore germination. Venkatachalam [17] reported that treating longkong fruit with 500 ppm benomyl did not control the mould growth during storage at 18 and 25
• C and 85% RH. Sangchote et al. [63] reported that the combination of hot water treatment (47 • C for 3 min) and dipping longkong fruit in 750 ppm prochloraz solution for 3 min could reduce 90% of fruit rot during postharvest storage. Pithakpol et al. [64] reported that coating longkong fruit with 2% chitosan and then fumigating it with 5 μM MeJA could control mould growth during postharvest storage.
Processing of longkong fruit
As mentioned above, longkong fruit spoils easily; its storage leads to rapid modifications in appearance arising from the loss of water, physiological and microbial deterioration, and pulp fermentation. Therefore, converting longkong fruit into commercial products is essential to sustain its production. However, processing longkong fruit into various products has hardly been investigated, probably due to the difficulties of separating the seeds during the process. As mentioned earlier, longkong seeds are extremely bitter and during any processing, they will affect the taste and quality, and also spoil the processing conditions and/or products. Furthermore, the longkong fruit's size and shape indirectly hinder the development of new products due to the loss of a significant amount of flesh during the removal of the seeds. Although it is difficult, there are various palatable longkong products commercially available on a small scale in Thailand. Among them, juices, jams, ice creams and sherbet are the most popular longkong products. On the other hand, longkong peel and seeds are the major byproducts after the consumption of the flesh, and they are not widely used. However, it is reported that longkong peel and seeds are rich sources of bioactivity and phytochemical components. The peel of longkong contains higher scavenging activity than the seeds, particularly when extracted with 50% aqueous ethanol and partitioned with ethyl acetate [76] . Longkong peel is rich in non-toxic oleoresin that is used against diarrhoea and fevers. However, in vitro studies showed that the peel could cause contraction of the rabbit intestine [43] . Recently, longkong peel and flesh have been used to produce cosmetics such as facial masks, facial wash gels and facial toners in Thailand. Another study proved that application of skin moisturiser and skin whitening cream containing longkong peel extract could significantly maintain the skin's moisture content and reduce the skin melanin index [40] . In addition, traditionally, the longkong pericarp is used to repel mosquitoes, and its seeds exhibit febrifugal and antifeedant activities.
Conclusion
Longkong is a non-climacteric and seasonal fruit that must be harvested when it reaches its maximum maturity index. No development occurs once the fruits are harvested or detached from the tree. Due to its unique organoleptic characteristics and nutritional properties, the demand for this fruit has increased tremendously beyond countries in Asia. However, the short shelf life of longkong fruit (3−5 days) limits its export value. The understanding of the postharvest biology and technology of longkong fruit has been rapidly developing, but is still not adequate. Longkong fruit is very sensitive to the external environment. Temperature, humidity and decay are the most important factors that decrease the shelf life of longkong fruits. Postharvest treatments and different storage conditions succeeded in extending the shelf life of longkong fruit but failed to maintain the fruit's organoleptic characteristics. The loss of quality (pericarp browning, desiccation and loss of firmness) can be partly controlled by altering the fruit's environmental conditions, which can reduce the moisture loss. Storage between 15 and 18 • C and at 85% RH extends the shelf life of longkong without developing any chilling injury symptoms. The shelf life of longkong fruit could be extended to the maximum of 24 days with minimal organoleptic changes by using fungicide treatment, optimum atmospheric conditions and storage temperature. Longkong fruit decay is one of the main postharvest problems and 750 ppm prochloraz, 500 ppm benomyl and biofungicides (Bacillus subtilis and Trichoderma harzianurn) are proven to control the spoilage pathogens. Additional research is warranted for in-depth understanding of how to control visual and chemical deterioration and reduce the loss of functional and nutritional attributes in longkong. Another area to be explored is the potential use of longkong fruit in food, beverages and pharmaceutical applications.
